Vibrio cholerae can switch to a 'rugose' phenotype characterized by an exopolysaccharide (EPS) matrix, wrinkled colony morphology, increased biofilm formation and increased survival under specific conditions. The vps gene cluster responsible for the biosynthesis of the rugose EPS (rEPS) is positively regulated by VpsR. We recently identified media (APW#3) promoting EPS production and the rugose phenotype and found epidemic strains switch at a higher frequency than non-pathogenic strains, suggesting this switch and the rugose phenotype are important in cholera epidemiology. In this study, transposon mutagenesis on a smooth V. cholerae strain was used to identify mutants that were unable to shift to the rugose phenotype under inducing conditions to better understand the molecular basis of the switch. We identified vpsR, galE and vps previously associated with the rugose phenotype, and also identified genes not previously associated with the phenotype, including rfbD and rfbE having roles in LPS (lipopolysaccharide) synthesis and aroB and aroK with roles in aromatic amino acid synthesis. Additionally, a mutation in amiB encoding N-acetylmuramoyl-L-alanine amidase caused defects in the switch, motility and cell morphology. We also found that a gene encoding a novel regulatory protein we termed RocS (regulation of cell signaling) containing a GGDEF and EAL domains and associated with c-di-GMP levels is important for the rugose phenotype, EPS, biofilm formation and motility. We propose that modulation of cyclic dinucleotide (e.g. c-di-GMP) levels might have application in regulating various phenotypes of prokaryotes. Our study shows the molecular complexity of the switch between the smooth and rugose phenotypes of V. cholerae and may be relevant to similar phenotypes in other species.
Introduction
Cholera is a diarrheal disease of humans that results in signi¢cant morbidity and mortality [1, 2] . Cholera a¡ects more than 75 countries and every continent (Communicable Disease Surveillance and Response, World Health Organization, www.who.org). Cholera is acquired by drinking fecally contaminated food or water containing pathogenic Vibrio cholerae that can colonize the small intestine and release cholera toxin (CT) resulting in massive secretory diarrhea and death if untreated [2] . Because of its high death-to-case ratio, persistence in water supplies and its ability to occur in explosive epidemic form, cholera is a public health concern.
V. cholerae can alter its phenotype and reversibly switch from an EPSo¡ (smooth colony morphology) to an EPSon (rugose colony morphology) in which the cells are embedded in an extracellular polysaccharide or rugose exopolysaccharide (rEPS) and demonstrate a wrinkled colony morphology [3, 4] . The switch to EPSon and the rugose phenotype promotes bio¢lm formation [5^7] . The rugose variant is highly chlorine resistant and shows increased resistance to killing by acid, UV light and complementmediated serum bactericidal activity [5, 6, 8] . Therefore, switching to EPSon and the rugose phenotype might be important in niche specialization and in promoting survival and ¢tness in particular environments. Rugose strains are virulent and cause £uid accumulation in rabbit ileal loops, produce diarrhea in human volunteers and are highly resistant to complement-mediated bactericidal ac-tivity [5, 6, 8] . Research by our group and others has also shown that production of V. cholerae EPS is linked to the type II general extracellular protein secretion pathway which is also involved in secretion of important virulence factors [9, 10] .
The vps (Vibrio polysaccharide) gene cluster in V. cholerae carries the structural genes for the biosynthesis of rEPS [8] . The vps gene cluster is thought to be comprised of two closely located but separate operons in which vpsA and vpsL represent the ¢rst genes of each operon [8, 11] . Transcription of vpsA and vpsL is regulated by VpsR (a homolog of c54 transcriptional activators) by a mechanism that is not well understood [11] . VpsR has a high homology to NtrC, AlgB and HydG bacterial enhancerbinding protein that activates transcription after phosphorylation of its receiver domain by an associated sensor kinase protein [12] . Previous studies have found that HapR in some V. cholerae strains is linked to the rugose phenotype by some unknown mechanism [13] and CytR can repress transcription of vps genes and the associated bio¢lm formation [14] . We have also found that switching to the rugose phenotype in V. cholerae is independent of ToxT, LuxS and RpoS [15] . However, the molecular basis underlying switch from the smooth to the rugose phenotype of V. cholerae is still not well understood.
Early studies on the rugose phenotype of V. cholerae were impeded by the very low frequency of switching to EPSon and the rugose phenotype under the conditions tested [6, 8, 16] . We recently identi¢ed conditions that promote the rapid shift (up to V80%) to the rugose phenotype in a process we called high frequency rugose production (HFRP) [15] . We found there are di¡erences in the expression and stability of the phenotype between epidemic strains and that the ability to switch at high frequency was more common in epidemic V. cholerae strains than in non-pathogenic strains [15] . This suggests that the ability to switch to the rugose phenotype is important in V. cholerae and might provide an adaptive advantage under speci¢c conditions. In pursuit of our interests in the factors involved in the emergence, pathogenesis, and rugose phenotype of epidemic V. cholerae, we exploited our recent ¢nding of rugose-inducing conditions to study the genes involved in the switch between the smooth (EPSo¡) and rugose (EPSon) phenotypes of V. cholerae.
Materials and methods
2.1. Mutagenesis and screening for genes with roles in the switch to the rugose phenotype
Our previous identi¢cation of culture conditions that promote the switch to the rugose phenotype at high frequency (HFRP) [15] was exploited in the development of an assay to identify genes involved in the molecular switch from the smooth to the rugose phenotype. In our previous studies, we reported that incubation of cells in a medium we called APW#3 resulted in a high frequency of V. cholerae smooth N16961 cells (up to V80%) switching to the rugose phenotype [15] (Fig. 1) . N16961 is a wild-type seventh pandemic (El Tor strain) isolated in Bangladesh [17] . To identify the genes involved in the molecular switch from the smooth (EPSo¡) to the rugose (EPSon) phenotype, mini-Tn5km2 mutagenesis was used [18, 19] . Tn5 is contained on the R6K-based plasmid pUT/mini-Tn5 Kan (or pUTKm) that is derived from suicide vector pGP704 [20] and can only be maintained in donor strains (e.g. a Vpir lysogen of Escherichia coli) that produce the R6K-speci¢ed Vpir protein which is an essential replication protein for R6K and plasmids derived therefrom. It also carries the origin of transfer, oriT, of plasmid RP4 which enables e⁄cient conjugal transfer. Delivery of the donor plasmid pUTKm into recipient cells is mediated by the cognate transposase encoded on the plasmid at a site external to the transposon. An advantage of this mutagenesis system is the stability of the Tn5 insertion since the cognate transposase is not carried with the transposon during transposition. Thus, each mutant has only a single Tn5 insertion to screen.
In our studies, we mated E. coli S17 Vpir (pUT/miniTn5 Km) with smooth N16961 (EPSo¡) cells and obtained 14 500 mini-Tn5 mutants from 30 independent conjugations and were subsequently stored in wells of microtiter plates. We performed a high throughput screen for HFRP mutants in which the transposon mutants were inoculated into 200 Wl APW#3 media in wells of microtiter plates, incubated for 48 h then replica plated onto LB agar and incubated for 24^48 h after which the colony morphology was visually examined. Using this approach, we identi¢ed 43 mutants operationally de¢ned as HFRP-negative that did not produce any rugose colonies. We further con¢rmed that these mutants were stable and defective in switching to the rugose phenotype under HFRP-inducing conditions by inoculating a colony into 3 ml APW#3 in glass test tubes and incubating statically for 48 h at 37 ‡C. Appropriate dilutions of each culture were plated on LB agar and colonies were counted by standard plate count to determine the total CFU ml 31 and the frequency of rugose cells. The 43 mutants identi¢ed and tested by these screening methods did not produce any detectable rugose colonies under rugose-inducing (HFRP) conditions and were further studied.
Sequencing of transposon insertion sites and identi¢cation of disrupted genes
To identify the transposon insertion site in these mutants, we used a non-laborious arbitrary primed polymerase chain reaction (PCR) method followed by DNA sequencing similar to that described previously [21] . Brie£y, arbitrary PCR was performed in two steps : in the ¢rst reaction, chromosomal DNA of the mutant was used as a template for PCR using primers reading out from both sides of the transposon and two arbitrary primers. These primary reactions yielded numerous amplicons including some that were derived from the junction of the transposon insertions. The products of the ¢rst-round PCR were puri¢ed by Geneclean and ampli¢ed using a second pair of outward transposon primers external to the ¢rst pair and an arbitrary primer corresponding to the constant region of the original arbitrary primers. This secondary PCR reaction serves speci¢cally to amplify products of the ¢rst PCR that include transposon junctions. Ampli¢ed fragment ranged between 100 and 800 bp. The products that gave the strongest bands from agarose gels and sequenced using the same transposon and arbitrary primers used in the second-round PCR. Sequencing was performed using an automated DNA sequencer (model 373A, Applied Biosystems) using the Prism ready reaction dye deoxy termination kit (Applied Biosystems) according to the manufacturer's instructions.
Cloning of vpsR
The vpsR gene of N16961 was obtained on a 2.61-kb PCR fragment using PCR primers KAR486 (5P-CGGGA-TCCCGCTAAGTCAGAGTTTTTATCGC-3P) and KAR-487 (5P-TCCCCGCGGGTCGGTGGTTTTGATCGTGT-3P). The PCR fragment was digested with BamHI and SacII, respectively, and suitably cloned into the low copy vector pWSK29 [22] , creating plasmid pDK104.
Motility assay
Motility was determined in a swarm plate assay by measuring the swarm diameter of each zone after stabbing an equal amount of V. cholerae cells (grown in LB broth) into LB media containing 0.3% agar and incubation at 37 ‡C for 4 h.
Microscopic analysis of amiB mutant strain
A single 18-h colony on a LB plate from the wild-type N16961 and amiB mutant strain DK630 was resuspended in 1 ml phosphate-bu¡ered saline and a 50-Wl aliquot smeared onto a glass slide, heat ¢xed, then stained with 0.1% crystal violet for 30 s. The slide was then rinsed with dH 2 O, dried and cell morphology observed using a Zeiss Axioskop epi£uorescence microscope (Carl Zeiss, Inc., NY, USA). The images were acquired using an AxioCam Mrm camera (Carl Zeiss, Inc.).
Results and discussion
We have successfully sequenced and identi¢ed the transposon insertion site in 43 V. cholerae mutants that are unable to switch from the smooth to the rugose phenotype. A summary of a BLAST search against the published V. cholerae N16961 genome [23] to identify the disrupted genes is shown in Table 1 . Previous transposon mutagenesis studies (including one by our group) have identi¢ed gene mutations that result in stable rugose-tosmooth mutants [7, 8, 24] . In contrast, taking advantage of our conditions that promote switching to rugose phenotype, we performed transposon mutagenesis on a smooth strain of N16961 and screened for stable mutants that were unable to switch to the rugose phenotype under rugose-inducing conditions. While our ¢ndings revealed mutants with defects in genes previously identi¢ed with roles in the rugose phenotype such as several biosynthesis (vps operon) and regulatory genes (vpsR) and lipopolysaccharide (LPS) genes (galE), our screen identi¢ed mutants sustaining insertions in previously unidenti¢ed genes. These newly identi¢ed mutants could be clustered into several functional groups encoding LPS (rfbD and rfbE) in which the genes might have roles in catalyzing the addition of certain sugar linkages and whereby impairment in the LPS structure might also be linked to the shutdown of the rugose (EPSon) phenotype; genes involved in aromatic amino acid synthesis (aroB and aroK) whereby aromatic amino acid synthesis genes might be directly or indirectly associated with the rugose phenotype; a gene involved in cell wall hydrolysis and septation (amiB) and a novel locus, VC0653, designated 'pdeA-like' in the N16961 genomic database, which we have now termed RocS (for regulation of cell signaling) encoding a putative protein containing a GGDEF and EAL domain. While the exact function of GGDEF and EAL domains is not well understood. Proteins containing these domains are widespread in prokaryote species and appear to play a key function in the regulation and biology of many species.
3.1. VpsR has an essential role in switching to the rugose phenotype
The importance in regulating vps biosynthetic genes in V. cholerae led us to further study several vpsR transposon mutants, designated DK562 and DK581. VpsR, encoded by the locus VC0665 is a predicted 444 amino acid protein with high similarity to the family of c54 response regulators such as NtrC, AlgB, and HydG [11, 24] . We found that supplying vpsR on plasmid pDK104 can restore switching to the rugose phenotype in both these vpsR mutants. These ¢ndings con¢rm that the defect in switching to the rugose phenotype in these mutants is due to the mutation in vpsR. Since VpsR is predicted to be a transcriptional activator we speculated whether it controlled motility in V. cholerae. The motility tests performed on the VpsR mutants (DK562 and DK581) showed that the mutants are consistently V50% reduced in motility compared to the parent N16961 (data not shown). Since V. cholerae cells are typically motile and motility is important for virulence [25, 26] , it is tempting to speculate that VpsR might also have a role in the virulence of V. cholerae. Although VpsR is important in regulating EPS (vps) biosynthesis genes and potentially other phenotypes, the conditions promoting VpsR expression and its mechanism of regulating vps genes is not well understood.
The AmiB amidase has a role in the switch to the rugose phenotype
The AmiB (N-acetylmuramoyl-L-alanine amidase) protein is encoded by the amiB gene (VC0344). Since we have previously found that rugose strains of V. cholerae are a¡ected in motility [15] , we tested whether amiB mutants are a¡ected in their motility. Motility assays showed that the AmiB mutant (strain DK630) was consistently s 50% reduced in its motility (10 mm zone) compared to its parent N16961 (26 mm zone) (Fig. 2) . These results suggest that AmiB a¡ects motility and the rugose phenotype in V. cholerae.
The bacterial cell wall is typically composed of a heteropolymer known as murein or peptidoglycan. Many Gram-negative bacteria degrade up to 50% of their murein per generation and recycle it to form new murein [27^29] . N-acetylmuramoyl-L-alanine amidases are often associated with autolysis or microbial cell wall hydrolysis. Surprisingly, enzymes in Gram-negatives that cleave the septum such as AmiB have only recently been studied in a few species and in E. coli, AmiB mutants are found growing as long chains of unseparated cells [30, 31] . In Azotobacter vinelandii, an N-acetylmuramoyl-L-alanine amidases is linked to alginate production by the ability of A. vinelandii cells to recycle their cell wall [32] .
A BLAST search shows that the V. cholerae AmiB se- Plates contain LB media supplemented with 0.3% agar and were incubated at 37 ‡C for 4 h. quence has high similarity to N-acetylmuramoyl-L-alanine amidases found in a wide variety of species including Pseudomonas aeruginosa (7e 378 ), Salmonella enterica Typhi (7e 369 ), E. coli O157:H7 (6e 357 ) and Yersinia pestis (6e 350 ). AmiB in V. cholerae strain N16961 is predicted to be a 59-kDa protein that is unusually rich in serine (9.5%), proline (6%) and threonine (6%). Such a composition is common in protein domains associated with the cell wall in Gram-positive bacteria [33] and is similar to a putative peptidoglycan hydrolase of Lactococcus lactis (acmB) [34] . In V. cholerae, like E. coli and Y. pestis, amiB is located immediately upstream of mutL which has a role in DNA mismatch repair [35, 36] . A computer analysis using PSORT shows that V. cholerae AmiB is predicted to have a cleavable N-terminal signal sequence and an analysis using TMpred strongly predicts that AmiB has two transmembrane domains (score 2363), one at the N-terminal end (amino acids 10^29) which could also represent an N-terminal signal anchor sequence and another transmembrane domain at the C-terminal end (amino acids 446^465). One would expect TMpred to predict a transmembrane region at the N-terminal end if a sec-dependent signal sequence was also predicted. The V. cholerae AmiB is also predicted to contain a LysM (lysin motif) domain at its C-terminal end and this has been found in enzymes involved in cell wall degradation [37] . Interestingly, the V. cholerae AmiB contains a Arg-GlyAsp (RGD) motif that is often associated with a surface binding domain for various mammalian adhesion proteins.
Since AmiB has been associated with septation in other species such as E. coli [30, 38] , we determined whether the V. cholerae AmiB mutant was a¡ected in its cellular morphology as well as the rugose phenotype. Examination of the cells showed an obvious di¡erence between the AmiB mutant and the wild-type strain in the morphology and arrangement of the cells (Fig. 3) . Many cells of the AmiB mutant were altered in shape and some were dramatically increased in cell size (length and width). The AmiB mutant appeared to have a higher percentage of cells in chains. This ¢nding suggests that cell division or septation might be a¡ected. We found no di¡erence in growth rate between wild-type and the AmiB mutant DK630 (data not shown), suggesting that the di¡erence in cell structure is not due to di¡erences in growth rate. While the ¢ndings of cells grown on LB plates bred true following subculture, we did not ¢nd obvious dramatic di¡erences between the strains when grown in LB broth (data not shown). Although further studies are required to analyze the cellular structure and morphology of the AmiB mutant in more detail, such as using electron microscopy, the results of our studies presented here suggest there is a link between cell division, structure or septation and the rugose phenotype of V. cholerae. While we are further studying the role of AmiB, our ¢ndings provide evidence for a new function for a prokaryotic amidase, namely its importance in the switch to the rugose phenotype and bio¢lm formation.
V. cholerae RocS: a conserved regulatory protein with GGDEF and EAL domains regulates the rugose phenotype
Another class of mutants that we were particularly interested in were mutants with defects in the locus VC0653 encoding a putative protein we have termed RocS (formerly 'PdeA-like' protein in the database), containing a GGDEF and EAL domain. It is important to note that we isolated three independent mutants containing mutations in rocS from three independent conjugations. This result suggests that V. cholerae RocS has an important role in rEPS production, the rugose phenotype, in bio¢lm formation and possibly other phenotypes. The defect in the rugose phenotype in this mutant was not explained by di¡erences in growth rate between the wild-type N16961 and RocS (DK567) cells (data not shown). The ¢nding that V. cholerae RocS mutants appear to be defective in the switch to the rugose phenotype prompted us to test their motility as described above. Motility assays showed that the RocS mutant (DK567) was consistently s 50% reduced in its motility (12 mm zone) compared to its parent N16961 (26 mm zone), suggesting that this locus also a¡ects motility in V. cholerae (Fig. 2) . Based on these results, we propose that V. cholerae RocS (and c-di-GMP, see below) regulates several phenotypes, including those with roles in the virulence and the persistence of the species.
Interestingly, GGDEF domains in all proteins known to be involved in the regulation of cellulose (L-1,4-glucan) synthesis [39] . Cellulose production in Acetobacter xylinum, Rhizobium leguminosarum bv. trifolii and Agrobacterium tumefaciens is modulated by the opposing e¡ects of two enzymes, diguanylate cyclase (Dgc) and c-di-GMP diesterase (PdeA), each controlling the level of the novel signaling molecule c-di-GMP in the cell [40^43]. Diguanylate cyclase acts as a positive regulator by catalyzing the formation of c-di-GMP that speci¢cally activates cellulose production while the phosphodiesterase cleaves c-di-GMP and negatively regulates cellulose. The c-di-GMP molecule is predicted to be a reversible, allosteric activator (e¡ector) of cellulose biosynthesis [42] . Furthermore, genetic complementation studies using genes from di¡erent species encoding proteins with GGDEF domains as the only element in common suggest that the GGDEF domain has a role in diguanlylate cyclase activity and is important in modulating the level of c-di-GMP [39] . We found that the V. cholerae RocS protein plays a key role in the switch to the rugose phenotype that is associated with the production of an EPS-like material and increased bio¢lm formation.
A BLAST search of the V. cholerae RocS shows that it is highly conserved and has signi¢cant homologues to putative proteins found in a wide variety of other species including P. aeruginosa (PA0575; 42% id; 5e 392 ), Bacillus anthracis (BA5593 ; 37% id; 6e 390 ), Ralstonia solanacearum (RSc0588; 36% id; 4e 388 ) and A. xylinum (c-di-GMP diguanylate cyclase Dgc; 40%, 9e 382 ). Although dgc and pdeA genes share some homology and have similar domain architecture and we are further studying the role of V. cholerae RocS, our ¢nding that the rocS mutant is unable to produce an EPS-like material is more consistent with a diguanlylate cyclase (dgc) mutant that is unable to produce cellulose and V. cholerae RocS has slightly higher similarity to A. xylinum Dgc than PdeA (data not shown). Recent reports have identi¢ed 'RocS' homologs in P. aeruginosa that appear essential for bio¢lm formation [44] and in Vibrio parahaemolyticus that regulate capsular polysaccharide production [45] . Additionally, the autoaggregation phenotype (which is typical of the rugose phenotype) in the plague bacterium Y. pestis requires the GGDEF-containing protein HmsT [46] . Although homologous regulatory (GGDEF-containing) proteins have been found in several species and have been associated with wrinkled colonies, EPS production and bio¢lm formation, their role in regulating these processes has not been well studied, in part due to the lack of available reagents. There is growing evidence suggesting that GGDEF-containing proteins possess nucleotide cyclase activity [39,47^49] and are widespread in bacteria [50, 51] . The widespread occurrence of these protein homolog and potentially c-di-GMP in prokaryotes suggests a common regulatory system and that they might have an important function in regulating EPS production, the rugose phenotype, bio¢lm formation and other phenotypes. We are currently further investigating the potential role of RocS, its homologues and the signal molecule c-di-GMP in the regulation of various phenotypes.
Conclusion
A rugose-like phenotype has been reported in several species including S. enterica Enteritidis [52] , S. enterica Typhimurium [53] , V. parahaemolyticus [45] , P. aeruginosa [54] and Enterobacter sakazakii [55] . It is now becoming increasingly recognized that the rugose phenotype might have an important role in V. cholerae and in other species suggesting that these 'variants' might represent the 'tip of an iceberg'. Data is accumulating suggesting that rugose variants represent a subpopulation that are ¢lling a speci¢c role in bio¢lm formation, particular niches or in particular environments. In the case of V. cholerae, rEPS production, the rugose phenotype and HFRP may provide some evolutionary or adaptive advantage to that (sub)-population of cells in a particular environment.
In the studies reported in this paper, we exploited our identi¢cation of conditions that promote the high frequency switch from the smooth to the rugose phenotype of V. cholerae to identify and study the genes involved in the molecular switch between the smooth and rugose phenotypes. It appears that some V. cholerae strains have evolved an e⁄cient mechanism for a high frequency shift to the rugose phenotype that is associated with EPS production, increased bio¢lm formation and increased cell survival under speci¢c conditions. The switching ability that can lead to increased bio¢lm formation might provide an adaptive advantage in particular environments where strains compete for the same ecological niche and where slight variations in phenotype that promote resistance, increased colonization or cell aggregates are important for adaptation and survival. Our ¢ndings of genes involved in the switching process extend our knowledge and provide new inside into the molecular basis underlying the switch between the smooth and rugose phenotypes of V. cholerae.
